Introduction
Oxidative stress is caused by a dense, complex, and heterogeneous network of oxidizing reactions running counter to the reducing conditions that otherwise prevail in cells and tissues. It has been implicated in the pathogenesis of many human diseases including cancer, atherosclerosis, diabetes, and it is a particularly prominent biochemical feature of brain tissue in Alzheimer's disease (AD) [1] . Lipids containing polyunsaturated fatty acyl (PUFA) chains are abundant in the brain, and among the most vulnerable compounds to oxidative stress [2] . There are well-known mechanisms of oxidative PUFA degradation that are mediated by hydroxyl radicals (
• OH) and lead to both amyloid fibril formation [3, 4] , and neurotoxic PUFA degradation products [5, 6] . Moreover, the amyloid plaques of AD are active centers of oxidative PUFA damage, and the site of protein modification by reactive PUFA oxidation products [7] .
Heterogeneity among its chemical mechanisms renders oxidative stress challenging to characterize and quantify. It is common to assay one compound or class of compounds as representative of overall oxidative stress. For example, numerous studies of F2 isoprostanes (iPs) have been performed on material from people with AD and pre-AD syndromes [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . There is some consensus that F2-iP concentrations are increased in the CSF of persons with AD, however, the results from brain tissue, plasma, and urine are less clear. Superimposed on any changes in the level of chemical oxidative stress in AD are changes in enzymatic activity [20] , and lipid substrate concentrations [21] [22] [23] [24] .
Regardless of the clinical sample being assayed, it is clear that existing assays of PUFA oxidation products sample only a narrow subset of possible PUFA oxidation products, leaving many pathways of oxidative stress unexamined. The chief reason for this limitation has been that quantitative mass spectrometric methods rely on isotope-labeled internal standards. Relatively few such standards are commercially available, they are expensive, they are most reliable only when used to quantify the corresponding unlabeled compound, and the isotope labels are invariably deuterium that may be lost through hydrogen exchange during isolation procedures such as saponification.
To overcome these problems, a larger and more robust set of internal standards was created by cultivating an ARA-producing oceanic yeast in a medium containing U- 13 C-glucose as a sole carbon source [25] . Uniformly 13 C-labeled ARA (U-13 C-ARA) was extracted and purified from the cultures, which was then subjected to a controlled amount of air oxidation. The resulting mixture contained several dozen U- 13 C-labeled ARA oxidation products, which were characterized by retention time, partitioning behavior during lipid extraction procedure, stability during saponification, and tissue concentration changes during post mortem intervals. This report describes the use of this mixture as a set of internal standards for the analysis of ARA and its oxidation products by multiple reaction monitoring liquid-chromatography tandem mass spectrometry (MRM-LC/MS/MS). Results show that many of the same ARA oxidation products are present in both mouse and human brain, but that there are significant differences between mouse and human, as well as oxidation products that have not previously been described. Results also show that relatively simple ARA oxidation products are consistently increased in AD brain, but that more complex oxidation products are either not produced or preferentially cleared from brain tissue.
Materials and methods
Reagents. ARA was purchased from Nu-Check Prep Inc. (Elysian, Mn). d8-ARA was purchased from Cayman Chemicals (Ann Arbor, Michigan). U- 13 C-ARA was produced biosynthetically as described previously [25] and stored at −80°C. Its isotopic purity was verified to be 95% by mass spectrometry. HPLC and Mass spectrometry. 20 µl samples were injected onto a 1 × 250 mm Zorbax 300SB 5 µm C18 column (Agilent, Santa Clara, CA). Solvent A was 8% acetonitrile, 92% water, and 0.1% formic acid. Solvent B was 100% acetonitrile and 0.1% formic acid. The mobile phase was pumped at 0.1 ml/min as the composition was changed linearly from 8% to 80% solvent B over 25 min, and held at 80% B for 9.5 min. The eluent was alkalinized post-column with 0.15 M ammonium hydroxide in methanol flowing at 50 µl/min before being introduced via electrospray ionization into an ABI 4000 mass spectrometer (Sciex, Toronto, Canada) operating in negative ion mode. The declustering potential was −70 V, the ionization energy was −4500 V, and the drying gas temperature was 200°C. The collision gas was nitrogen at 7 psi for multiple reaction monitoring (MRM) or product ion scanning mode, with the transitions and collision energy values listed in Table 1 . The collection time for each transition in MRM-LC/MSMS methods was 100 ms.
Generation of transition sets for MRM methods and internal standards. An initial MRM-LC/MSMS method was created by accumulating a list of known transitions from the literature [26] [27] [28] [29] [30] [31] [32] [33] . If the name assigned to a transition was inclusive of all possible stereoisomers, it was listed as such in Table 1 . If the literature name corresponded to a specific stereoisomer (e.g. it was enzymatically-derived, or it had biological activity), then a stereo-inclusive abbreviation was assigned, and the name of the stereoisomer is listed in parentheses as an "example species". To this list, transitions were added when oxidation products were identified in 2 mM solutions of ARA in 10 mM HEPES pH 7.4 that had been incubated at room temperature for 1-8 days. The incubations were performed in vials containing 100 µl volumes in 350 µl inserts made from reduced surface activity glass (MicroSolv, Eatontown, NJ). They were tightly capped, but contained 250 µl of air above the solution. This incubation is referenced below as "air oxidation". Each mixture was separated by HPLC and Q1 scans from 300 to 450 m/z were recorded every 150 ms. Each parent ion observed by Q1 scan was subsequently analyzed by product ion scanning to identify product ions, determine optimal collision energies, and verify elution times. Species that have no corresponding transition in the literature are designated "U" species in Table 1 , and total ioncurrent chromatograms (TICs) for these species are provided as Supporting information (Fig. S1 ). Several hydroxy-eicosanoid (HETE) and epoxy-eicosanoid (EET) species have identical transitions but different elution times; the earlier-eluting species was designated the HETE [34, 35] .
U-13 C-ARA was incubated in the same way as ordinary ARA to create a corresponding array of U-13 C-labeled oxidation products, and the elution profile of this material was shown to be identical to that of the 12 C products. A 600 µl batch of "internal standard mixture" (ISM)
was prepared by mixing 200 µl of ARA subjected to air oxidation for 2 days, 300 µl subjected for 4 days, and 100 µl subjected for 8 days.
Mixing batches oxidized for different intervals in this way provided for a mixture that contained molecular species that appeared early and then degraded into other species at longer times, as well as more complex species that only appeared with longer oxidation times. The corresponding set of transitions for MRM-LC/MSMS was created by adding 20 m/z to the parent ion m/z and an appropriate value to the fragment ion m/z (Table 1) . Thus, Table 1 constitutes a list of abbreviations for the molecular species examined in this work, which are defined by (a) parent ion m/z ratio, (b) fragment ion m/z ratio, (c) chemical formula, (d) retention time, and (e) co-eluting parent/fragment ions in the ISM bearing the expected extra mass of U-13 C-labels.
Common abbreviations for the stereospecific form of a molecular species are listed in parentheses after the abbreviation, and further information about such forms may be obtained from the listed reference. Losses during saponification. ARA (10 mM) was subjected to 7 days of air oxidation. A 10 µl aliquot of this solution and a calibrated aliquot of d8-ARA was added to 90 µl 1:1 methanol:water and analyzed by MRM-LC/MSMS with the U-12 C transition set. A second 10 µl aliquot of this solution was saponified in 85% methanol and 0.5 M NaOH at 37°C for 40 min. The sample was cooled to room temperature, acidified using HCl, dried under argon, and reconstituted in 100 µl 1:1 methanol:water with a calibrated aliquot of d8-ARA. Analysis was performed by MRM-LC/MSMS with the U-12 C transition set and the fold change of each oxidation product between saponified and unsaponified sample was determined. Mouse brain tissue processing. B6SJLF1/J mice were obtained from the Jackson Laboratory (Bar Harbor, ME), aged for 16-18 months, and sacrificed by CO 2 asphyxiation. All experimental procedures and animal care were in compliance with the National Institutes of Health guidelines for the Care and Use of Laboratory Animals. The brain tissue was harvested, immediately frozen on dry ice, and subjected to modified Bligh-Dyer extraction (BDx) as described previously [7] . Tissue samples (~20 mg) were homogenized with a tip sonicator (F60 Sonic Dismembrator, Fisher Scientific, Pittsburgh, PA) for 60 s in an autosampler vial containing 760 µl BDx monophase (400 µl methanol, 200 µl dichloromethane, and 160 µl of 5 mM ammonium chloride, pH 5.6), 10 µl of 100 µM BHT, and a calibrated aliquot of the ISM. A single batch of ISM was used for all of the results reported herein. Following sonication, 200 µl dichloromethane and 160 µl water were added to break the monophase, the vial was briefly vortexed, and the resulting phases were clarified by 2 min of low speed centrifugation. The lower (mostly dichloromethane) and upper (methanol and water) phases were separated and evaporated under nitrogen. Residue from upper phase (BDx-U) was redissolved in 100 µl of 1:1 methanol:water. Residue from the lower phase (BDx-L) was redissolved in 750 µl MeOH and 250 µl of 2 M NaOH. A second calibrated aliquot of the ISM was added to the BDx-L since nearly all components of the original ISM partitioned into the BDx-U and the sample was saponified at 37°C for 40 min. Following saponification the sample was acidified with 150 µl of 0.5 M HCl, evaporated under nitrogen, and redissolved in 100 µl 1:1 methanol:-water.
Human AD and control brain tissues. Frontal cortex from 6 human patients with documented severe AD histopathology, and 3 normal human brains with the characteristics listed in Table 2 , were obtained from the Center for Neurodegenerative Disease Research at the University of Pennsylvania. Tissue processing was performed as described for mouse brain tissues.
Statistical analysis. Statistical significance was determined using Student's two-tailed t-test with unequal variances. The BenjaminiHochberg correction was applied to the data with a false discovery rate of 0.2 when indicated. All error bars represent standard errors of the mean. 
Results
Neat ARA eluted in a sharp peak at 28 min (Fig. 1A) with an m/z of 303.2 in a negative mode Q1 scan (Fig. 1B) . The same material after air oxidation for 7 days yielded several broad peaks eluting between 2 and 28 min (Fig. 1C) . ARA with an m/z = 303.2 still eluted at 28 min, but its signal was relatively small. Larger peaks 48 and 64 m/z higher than 303.2 suggest that 3 or 4 oxygen atoms had been added to ARA (Fig. 1D) , while other peaks suggest that in addition to oxygen additions, rings have formed (−2) and/or waters have been lost (−18).
A search of the literature for MRM transitions assigned to known ARA oxidation products, and product ion scans of all molecular species observed in the Q1 scan, yielded a set of 55 transitions for ARA and related monoisotopic (i.e. U-12 C) species (Table 1) . Within this U-12 C transition set, 18 did not correspond to any known molecular species and were designated unidentified or "U" species ( Table 1 ). Given that the starting material was neat ARA, and there were no reactants containing nitrogen, sulfur, halogens, or light-metal cations present during oxidation, a chemical formula could be assigned unambiguously to each parent/product ion pair, including "U" species. However, each molecular species may have multiple stereoisomers, and these are not resolved by the methods employed herein. Therefore, each of the molecular species in Table 1 has been assigned a non-stereospecific designation. When the MRM transition corresponds to a biologically active stereoisomer, its designation is included in parentheses.
When a pure sample of ARA was examined with an MRM-LC/MSMS method based on this U-12 C transition set, there were negligible signals from molecular species other than ARA, and narrow peaks for each transition after 7 days of air oxidation (Fig. 1E ). Samples examined after 1, 3, 5, and 7 days of air oxidation revealed the expected evolution of oxidation products, with signals from molecular species arising from single oxygen additions appearing early and then fading, while those arising from multiple oxygen additions appearing later and increasing ( Fig. 2 and Table S1 ). The evolution of signals from these oxidation products was effectively halted by the addition of BHT (final concentration 10 µM) or by freezing at −80°C ( Fig. S2 and Table S2 ). A U- C transition set, indicating that none of the U- 13 C-labeled molecular species contributed to U-12 C oxidation product signals being measured. These results indicate that the 54 oxidation products derived from air oxidation of U-13 C-ARA could be identified by their characteristic retention time and MRM transitions, and that they might be useful as an internal standard mixture (ISM) for the quantitation of oxidation products by mass spectrometry in brain tissue (where ARA is concentrated). To examine their possible utility as internal standards, several aspects of oxidation product analysis, extraction, and isolation were examined. First, the ISM was examined by MRM-LC/MSMS with the U-12 C transition set. There were small but measureable signals for many of the transitions, indicating that adding the ISM to a sample would add small amounts of U-12 C-ARA oxidation products to the background of any quantitative analysis. Moreover, the ISM was a mixture of products from 3 different oxidation times, so that different correction factors would be required for each molecular species. Hence, the ratio of signals from an U-12 C molecular species to that of the corresponding U- ( 1) where I x is the area of the MRM peak for chemical species x in the ISM, T x s , is the area of the MRM peak for chemical species x in tissue sample s, and M s is the mass of tissue sample s. In each case, the superscript preceding the symbol indicates whether the measurement was made with the 12 C or the 13 C transition set. The ratios were normalized by tissue sample mass because the amount of ISM added to each sample was constant in the studies described below.
Second, the partitioning of U-13 C-ARA oxidation products in a BlighDyer extract (BDx) was examined. 100 µl aliquots of 2 mM U-13 C-ARA solutions in HEPES buffer were subjected to air oxidation for 7 days, followed by the addition of a calibrated aliquot of d8-ARA. A 10 µl aliquot of this solution was analyzed by MRM-LC/MSMS with the U-13 C transition set without further processing (the "unextracted" sample). A second 10 µl aliquot of this solution was added to~20 mg of mouse cortical brain tissue. The tissue was then homogenized in the presence of BHT and subjected to Bligh-Dyer extraction. The monophase was broken into upper (BDx-U) and lower (BDx-L) phases as described above, and separated. Both phases were then analyzed by MRM-LC/ MSMS with the U-13 C transition set. The unextracted homogenate of mouse brain tissue did not contain a detectable amount of any U-
13
C-ARA oxidation products (data not shown), so the use of brain tissue in this experiment was solely for the purpose of assessing the recovery U-13 C-ARA oxidation products from this type of sample (i.e. U-12 C oxidation products in the homogenate were not being quantified in this experiment).
Among the 37 U-13 C-ARA oxidation products recovered from the BDx, 3 partitioned primarily into the BDx-L including 3 HETEs (Fig. 3B and Table S3 ). Most of the other oxidation products (26 of 37) partitioned into the BDx-U, and the amount of each oxidation product recovered from the BDx-U and BDx-L combined closely matched the amount recovered from the unextracted sample (Fig. 3C ). In 9 cases (ARA and 8 oxidation products), however, there was a significant discrepancy between the total amount of a molecular species recovered from the BDx-U and BDx-L, and the amount present in the original unextracted solution (Fig. 3D) . In the case of ARA, 64% of material in the unextracted sample was recovered in the BDx-L, and 11% was recovered from the BDx-U, suggesting a loss of 25%. In 8 cases, the oxidation product partitioned primarily into the BDx-U, and the amount recovered from the BDx-U and BDx-L exceeded the amount in the unextracted sample. Altogether, the loss of ARA and the increase in some oxidation products suggest that some oxidative degradation still occurs during BD extraction despite the presence of BHT throughout.
Third, the stability of ARA oxidation products during mild alkaline saponification was examined. To enhance the detection of oxidation products in these experiments, the concentration of ARA subjected to 7 days air oxidation was increased from 2 mM to 10 mM, which increased the number of molecular species detected to 51. Analysis was performed by MRM-LC/MSMS with the U- 12 C transition set and the fold change of each oxidation product between saponified and unsaponified sample was determined. Significant losses were observed for ARA and 35 of its oxidation products, while 13 products exhibited statistically insignificant or minimal losses ( Fig. 4A and Table S4 ). Selected oxidation products were examined under alkaline conditions, in the presence of BHT, and at various temperatures, but losses were still observed (Fig. 4D, E ). When they were subjected to 37°C for 40 min in non-alkaline conditions, however, the losses were negligible (Fig. 4C) . Therefore, the losses during saponification were due primarily to an exposure to alkaline pH. Acid hydrolysis yielded much poorer recoveries overall (data not shown). The concentration of 3 oxidation products (15-HETE, B2 ip, U6) increased during saponification (Fig. 4B) . Fourth, the efficiency of extracting these compounds from 85% methanol in water with isooctane (isoO) was examined. Aliquots (100 µl) of 2 mM ARA in HEPES buffer were subjected to air oxidation for 7 days. The parent solution was acidified with HCl and extracted with 3 equal volumes of isoO. ARA and U9 partitioned almost entirely into the isoO phase, while U14 remained entirely in the methanol-water phase. 42 oxidation products partitioned to varying extents into both phases ( Fig. S3A and Table S5 ). The extent to which they partitioned into isoO roughly correlated with their calculated partition coefficients (Fig. S3B) .
Finally, the effects of PMI on the recovery of various ARA oxidation products from brain tissue were examined by sacrificing wild-type mice and storing the intact carcasses at 4°C for 0, 24, and 48 h. After those intervals, the brains were harvested, flash frozen, homogenized and subjected to BDx. The BDx-L from each brain was saponified and acidified, then both the BDx-U and the acidified BDx-L were dried and redissolved in 1:1 methanol:water. An aliquot of the ISM was added to the tissue prior to homogenization. Because most components of the ISM partitioned into the BDx-U phase, a second aliquot of the ISM was added to the BDx-L prior to saponification. A hybrid MRM-LC/MSMS method that included both the U- 12 C and U- 13 C transition sets was created to analyze these samples. ARA and 29 of its oxidation products were detected in the unsaponified BDx-U (Fig. 5A and Table S6 ). Among these, only the increases in ARA concentration as 24h and 48h PMIs were consistent and statistically significant.
ARA and 10 oxidation products were detected in the saponified BDx-L (Fig. 5B) . Again, only the increases in ARA concentration at 24h and 48h PMIs were consistent and statistically significant. There were 4 additional oxidation products detected inconsistently (Fig. 5C ). U5 was only detected at day 0, U8 was only detected after 48 H, while U2 and U10 were detected only after 24 h and 48 h PMI.
With the foregoing information about the recoverability of ARA oxidation products, brain tissue from the frontal cortex of 6 human patients with Alzheimer's disease (AD) and 3 healthy controls was examined. The tissue was subjected to BDx, the phases were separated, a calibrated aliquot of the ISM was added to each phase, and the BDx-L was saponified. ARA and 16 oxidation products were detected in the BDx-U (Fig. 6A and Table S7 ). Of the 16 oxidation products, 14 had been previously detected in mouse brain tissues; U10 and U13 were only detected in human samples. The amount of ARA recovered from the BDx-U was significantly greater in AD brain, as were the amounts of 11-HETE, 12-HETE, 15-HETE, and U13. None of these 4 oxidation products increased in vitro during BDx, and amounts of the 3 HETEs did not vary with PMI in mice. ARA and 6 oxidation products were also detected in the saponified BDx-L of human brain samples (Fig. 6B and Table S7 ). Again, the amount of ARA recovered was significantly greater in AD brain, but there were no differences between healthy and AD brain among the 6 oxidation products.
Discussion
The key result reported above is that the concentrations of several oxidative ARA degradation products are higher in AD brain compared Fig. 3 . Recovery of U-13 C-ARA oxidation products added to a brain tissue homogenate. An aliquot of the U-13 C-ARA after a 7 day air oxidation was analyzed immediately (the "unextracted" sample). A second aliquot was added to a homogenized 20 mg sample of mouse brain that was subjected to BDx followed by separation of the BDx-U and BDx-L, drying under N 2 , and dissolving in 1:1 methanol:water. Neither the BDx-U nor the BDx-L were saponified, and signals from brain that did not have U-13 C-ARA oxidation products did not yield measurable signals. Therefore, these analyses reveal the extent to which ARA and its oxidation products that are known to be present in brain tissue can be recovered after BDx. A. TIC for the U-13 C-labeled ARA oxidation products recorded from the unextracted tissue homogenate (black), the BDx-U (red) of the homogenate, and the BDx-L (green) of the homogenate. For panels B-D, a uniform aliquot of d8-ARA was added prior to each analysis as an internal standard, and the peak area for each species was divided by the d8-ARA peak area to obtain the relative concentrations of that species in the unextracted, BDx-U, and BDx-L. Results from the BDx-U and BDx-L were added together, and compared to the corresponding result from the unextracted sample. Statistical significance was evaluated using the Benjamini-Hochberg procedure with a false discovery rate of 20%. to healthy brain, but the products with elevated concentrations were chiefly HETEs, not the more complex oxidation products more typically measured when characterizing oxidative stress. HETEs are relatively simple oxidation products because they are created through a single oxidation event. In contrast, and with only one exception (U13), the concentrations of more complex oxidation products (e.g. isoprostanes) were similar in AD and healthy brain. Tissue concentrations are determined by the rates at which compounds are produced, less the rates at which they are cleared or converted into something else. In the case of ARA oxidation products, the same chemical process that produces a HETE is capable of converting a HETE into more complex oxidation products. It follows that an increase in the rate of that process will result in a much greater increase in the steady-state concentrations of a few compounds formed via single oxidation events (e.g. HETEs), rather than any one of a larger number of compounds formed via multiple oxidation events (e.g. isoprostanes). Thus, the finding that only HETE concentrations are elevated in AD is consistent with increased production of ARA oxidation products by non-enzymatic chemical reactions. There may indeed be increases in more complex products, but demonstrating those increases may require enantiomer-specific methods.
When many comparisons are made between two large datasets in the manner reported above, some of the apparent differences are likely to be falsely identified at a rate that is related to the stringency of the statistical tests that have been applied to determine significance. For that reason, various statistical procedures (e.g. Benjamini-Hochberg) and corrections (e.g. Bonferroni) are applied to gauge the false discovery rate. However, these approaches generally assume that the Fig. 4 . Recovery of ARA and its oxidation products after alkaline saponification. A 10 mM solution of ARA was subjected to air oxidation for 7 days, and 51 oxidation products were detected. None of the 14 additional products detected in this more concentrated preparation were detected in tissue samples (where 37 products were identified), but the higher concentrations and larger number of products facilitated a broader characterization of the effects of saponification. The mixture of oxidation products was divided into two portions. One portion was subjected to saponification conditions (0.5 M NaOH at 37°C for 40 min) and then neutralized with HCl, while the second was not. Both portions were dried under N 2 , and reconstituted in 1:1 methanol:water. Identical calibrated aliquots of d8-ARA were added to both portions as internal standards. For panels A and B, the peak area for each analyte in each portion was normalized by the peak area of its internal standard, and the ratio of normalized peak areas in the unsaponified and saponified portions was calculated to determine the "fold change" during saponification. Statistical analysis was done using the Benjamini-Hochberg procedure with a false discovery rate of 20%. A. The fold change for oxidation products that decreased (fold change < 1) or that did not significantly change during saponification. B. The fold change for 3 oxidation products that increased significantly during saponification (fold change > 1). For panels C-E, the vertical axis represents normalized peak areas, i.e. the peak area for each analyte divided by the peak area of the internal standard. C. Results for selected oxidation products before and after saponification at different temperatures. D. Results for selected oxidation products before and after saponification at 37°C for different lengths of time. E. Results for selected oxidation products before and after saponification at 37°C for 30 min in the presence of different BHT concentrations. Numerical results and are provided as Supplementary information. underlying data is uncorrelated. There are clear chemical relationships among the oxidation products described above, suggesting that correlations should be expected. Finding that all 4 of the HETEs assayed in this work exhibited higher concentrations in AD brain is an example of the kind of correlation expected because all 4 HETEs can be produced by the same chemical mechanism: 11-HETE was elevated with P < 0.01, 12-HETE and 15-HETE were elevated with P < 0.05, and 5-HETE was elevated but with P > 0.05. On the other hand, the elevated concentration of compound U13 in AD brain (Fig. 6 ) is suspect because it is the only complex oxidative degradation product among many that is elevated in AD brain. As applied in this work, the Benjamini-Hochberg procedure is consistent with this appraisal, suggesting that one of the "significant" increases has been falsely "discovered".
Stereospecific forms of 5-, 11-, 12-, and 15-HETE can be produced enzymatically through the activity of their corresponding lipoxygenases [36] . At least some of these enzymes have increased activity in TG mice, and they may be involved in mediating tau pathology, synaptic integrity, β secretase expression, and mitochondrial damage [37] [38] [39] [40] . Stereospecific HETEs are known to accumulate in the CSF of subjects with mild cognitive impairment and AD [41] , as well as in subarachnoid hemorrhage, multiple sclerosis and traumatic brain injuries [42, 43] . The foregoing analyses do not distinguish between enzymatic and chemical products, so it is possible that increased HETE concentrations are due to an increase in the enzymatic oxidation of ARA during AD as previously reported [44] . However, HETEs tend to be minor products of these enzymatic processes, and there were no increases observed in their major products. Therefore, it seems most likely that the differences in HETE concentrations between healthy and AD brain are due to an increase in the kind of chemical oxidation that can produce all 4 HETEs.
It follows that elevated HETE concentrations in AD brain may be due to higher concentrations of their chemical precursor, namely ARA. Alternatively, elevated ARA concentrations in AD brain may be a metabolic response to increased oxidative consumption of ARA, or to the presence of oxidation products. The concentration of ARA was higher in human AD brain tissue, compared to healthy controls, in contrast to earlier reports where either a decrease or no differences were found [52] [53] [54] . The discrepancy may be due to differences in PMI, since some earlier reports in which no difference was found included brain tissue with PMIs greater than 100 h [53] . ARA concentrations did increase with PMI in mouse brain (Fig. 5) , consistent with findings by others in rats [55] . However, the PMIs for the human brain samples were relatively short and did not differ significantly between AD and healthy brain ( Table 2 ). The finding that ARA concentrations were increased in AD brain is consistent with results from a PET scan study of living human patients in which the incorporation of 1-11 C-ARA was greater in AD brain tissue compared to controls [56] . In addition, higher concentrations of ARA have been reported in a mouse model of AD, where PMI is essentially zero [57] , and in the erythrocytes of persons with preclinical AD [58] . Aside from ARA at 24 h post mortem, and some trends that did not reach statistical significance, the concentrations of ARA and its oxidation products in mouse and human brain tissues did not vary with PMI.
The BD and Folch procedures are common lipid extraction techniques [45] , but little attention has been given to the partitioning behavior of PUFA oxidation products during these procedures. Their relatively high polarity causes many PUFA oxidation products to partition into the polar, upper phase of the BDx (Fig. 3C) . Thus, efforts to measure their concentration in tissues must consider all phases of an extract. Saponification of the BDx-L, where esterified PUFA chains tend to partition, is complicated by losses due to chemical alteration of the oxidation products. The results above show that the losses are due primarily to the alkaline conditions (Fig. 4) . Shorter times, lower temperatures, and the addition of BHT did not meaningfully alleviate these losses, and acid saponification was inefficient. Some have used phospholipase-A2 to avoid chemical damage while releasing esterified PUFA chains [29, 46] , but that approach introduces its own large array of uncertainties about enzyme activity and substrate access, and it would not liberate PUFA chains from triglycerides, cardiolipins, cholesterol esters, or the sn1 position of PE, PA, and PS phospholipids [47] . (1)) was determined for ARA and each of its oxidation products, at each PMI interval, and divided by the value of r x s , at PMI = 0. The "key" panel illustrates results for hypothetical species 'X' and 'Y'. Both initial values at PMI = 0 indicate a 1× concentration, but they are displaced vertically by 2 units. For species 'X', the symbols at 24 and 48 h represent 2×, and 3× the initial concentration. For species 'Y', the symbols at 24 and 48 h represent a concentration that is unchanged at 24 h (i.e. 1×) and undetectable at 48 h (i.e. '0×'). The data are presented in this manner to show that there are no consistent trends across the majority of species, or even among closely related species; some species increase with PMI and others decrease, while the large variance within this data obscures significant differences. Symbols in red (for ARA) indicate that values at 24 and 48 h are statistically significant changes from PMI = 0 after Benjamini-Hochberg analysis. Open vs closed circles alternate along the vertical axis for clarity, and have no other significance. A. ARA and its oxidation products in the unsaponified BDx-U. B. ARA and its oxidation products in the saponified BDx-L. C. ARA oxidation products in the BDx-L that were not recovered at all 3 PMIs. Results in panel C could not be divided by PMI = 0 and are therefore presented as values of r x s , . Numerical results and statistical analyses are provided as Supplementary information.
The mass spectrometric methods employed in this work could detect ARA and 54 of its oxidation products in an internal standard mixture, but only 18 of those products were detected in human brain tissue (Fig. 6) . Some of the missing oxidation products may have been destroyed during saponification (Fig. 4) , but losses during saponification do not explain an inability to recover compounds that resist damage during saponification (e.g. iP B2, U5, U7, and 15-deoxy-iP J2). Moreover, some compounds were readily detected in mouse brain but not in human brain, and vice versa. These results suggest that pathways for their production and/or clearance may exhibit specificity for some oxidative ARA degradation products. This possibility is consistent with data showing that AD brain tissue has higher concentrations of some, but not all iPs [48] .
The detection of a molecular species in these investigations does not necessarily imply its presence in brain tissue. For example, simple acidor base-catalyzed dehydrations in aqueous media may convert PGD 2 into products like PGJ 2 [49] , and PGE 2 into products like PGA 2 and PGB2 [50] . The possibility that these conversions have occurred ex vivo must be kept in mind when considering the significance of detecting A2 iPs in the BDx-U of mouse brain (Fig. 5A) , but not the BDx-L (Fig. 5B) , as well as the post mortem losses of D2-and E2-series iPs (Fig. 5A) . Another possible confounding reaction is that J2/A2 iPs are Michael acceptors, rendering them vulnerable to spontaneous adduct formation with thiols and other nucleophiles [29] .
Likewise, the absence of a molecular species in these investigations does not imply its absence in brain, because these analyses only included eicosanoid species for which a U-13 C form was produced by air oxidation in vitro; the list of molecular species that appears in Table 1 is not exhaustive. Although this approach characterized 18 previously unknown products of air-oxidized ARA by retention time and fragmentation pattern, and 8 of these molecular species were identified in human brain tissue, there are undoubtedly ARA oxidation products (e.g. oxo-EET's and HpETE's) that were not produced by air oxidation in quantities sufficient for detection. It has been consistently reported that F2-iP concentrations are higher in the cerebrospinal fluid of AD brain [8, 11, 15, 17] , but mixed results have been reported from brain tissue [48, 51] . The analytical approach described herein was able to detect 5-, 8-, and 15-F2 iPs, and reproducibly determine differences in their concentrations, but no differences in concentration were found between healthy and AD brain. 12-F2-iP was readily measured in normal mouse brain tissue, but not detected in healthy or AD human brain tissue. This finding underscores the suggestion, mentioned above, that pathways for the production and/or clearance of oxidative ARA degradation products appear to exhibit some specificity, and it highlights one of several differences observed between ARA oxidation products in mouse and human brain tissues.
Each of the 18 previously unknown ARA oxidation products contains five or more oxygens, and they elute relatively early on a reversedphase HPLC column. Some appear early and transiently in the course of air oxidation, while others appear relatively late (Fig. 2) . One subset of these 18 compounds is relatively resistant to saponification, and another subset is detected in human brain, but there is little overlap between these two subsets. One of these molecular species (U13) had significantly increased concentrations in human AD brain, despite7 5% losses during saponification (Fig. 4) , and undetectable concentrations in mouse brain (Fig. 5) . The U- 12 C form of this molecular species yielded a fragment that was isobaric with a U-12 C fragment of 5,6-EET, but the corresponding U-13 C form of U13 did not yield a fragment corresponding to U-
13
C-5,6-EET. As mentioned above, despite a high level of statistical significance for the concentration difference of U13 in healthy and AD brain, its true significance is suspect because it is the only complex oxidation product to exhibit such a difference.
The U-
C-ARA-derived ISM used in this work affords many advantages for quantitative mass spec analysis. Chief among these advantages is chemical stability of the isotopic label; there are significant losses of ARA and most of its oxidation products in mild saponification conditions, and these conditions are also likely to cause the exchange of deuterium for hydrogen, which would cause an overestimation of analyte concentrations if deuterium-labeled internal standards were used. This problem is eliminated with U-13 C-ARA and its oxidation products. Another advantage is that a large number of internal standards could be created, facilitating the parallel determinations of over 50 oxidation products. Valid determinations of relative quantities require the same ISM to be used for each group to be compared, but once determined, relative quantities are independent of batch-to-batch differences in ISM composition because signals from the ISM cancel when the ratio of results from different groups are calculated. Similar procedures to that used for preparing U-13 C-ARA and its oxidation products have been used to make U-13 C-DHA (unpublished data). Thus, the results reported herein for eicosanoid oxidation products are a foundation for an analogous future study of docosanoid oxidation products. As applied in this work, the ISM only yielded relative quantities. However, the ISM also facilitates the determination of absolute quantities when needed because it allows any compound to be used as a reference standard to calibrate the ISM; they do not have to be isotopelabeled because the ISM is isotope-labeled. When the ISM is calibrated with the reference standards of interest, absolute quantities for multiple Fig. 6 . ARA and its oxidation products in normal and AD human brain. Tissues from the frontal cortex of 6 AD patients and 3 control healthy brains were homogenized in BDx monophase, 10 µl of 100 µM BHT and 10 µl of the ISM were added to the homogenate, the monophase was broken, the BDx-U and BDx-L were separated, and an additional 10 µl of the ISM was added to the BDx-L prior to saponification. A. Results from the BDx-U. The absence of a black bar for 15 HETE in healthy controls indicates none detected. B. Results from the saponified BDx-L. Note the use of a vertical log scale. Results from AD brain that are significantly different from normal brain are indicated by cyan bars (P > 0.05) or a red bar (P > 0.01). Statistical analysis was done using the Benjamini-Hochberg procedure with a false discovery rate of 20%. Numerical results and are provided as Supplementary information. species may be obtained from a single run. Absolute quantities of specific enantiomers may be obtained by adding reference standards to fractions of the effluent and subjecting them to a second chromatographic separation. U-13 C-ARA-derived internal standards control for losses during saponification, but not for saponification efficiency, which is of particular concern when mild saponification conditions are used (as in this investigation) to avoid chemical losses. Esterified U-13 C compounds would be needed to gauge saponification efficiency. In summary, AD brain contained elevated concentrations of several HETE species compared to healthy human brain, but the concentrations of more complex oxidation products were unchanged. These findings are consistent with the oxidative degradation of ARA by random chemical processes that not only created simple oxidation products, but also converted them into more complex products. However, the oxidative degradation products recovered from tissues suggest that their production and/or clearance is subject to some specificity, and this specificity appears to differ between mouse and human brain. This analysis illustrates the utility of U-13 C-ARA-derived internal standards, which provide a chemically robust means for the parallel quantitative analysis of over 50 oxidative ARA degradation products.
